Strigolactones (SLs) are endogenous hormones and exuded signaling molecules in plant responses to low levels of mineral nutrients. Key mediators of the SL signaling pathway in rice include the α/β-fold hydrolase DWARF 14 (D14) and the F-box component DWARF 3 (D3) of the ubiquitin ligase SCF D3 that mediate ligand-dependent degradation of downstream signaling repressors. One perplexing feature is that D14 not only functions as the SL receptor but is also an active enzyme that slowly hydrolyzes diverse natural and synthetic SLs including GR24, preventing the crystallization of a binary complex of D14 with an intact SL as well as the ternary D14/SL/D3 complex. Here we overcome these barriers to derive a structural model of D14 bound to intact GR24 and identify the interface that is required for GR24-mediated D14-D3 interaction. The mode of GR24-mediated signaling, including ligand recognition, hydrolysis by D14, and ligand-mediated D14-D3 interaction, is conserved in structurally diverse SLs. More importantly, D14 is destabilized upon the binding of ligands and D3, thus revealing an unusual mechanism of SL recognition and signaling, in which the hormone, the receptor, and the downstream effectors are systematically destabilized during the signal transduction process.
Introduction
Strigolactones (SLs) are endogenous hormones that in response to poor soil nutrients inhibit lateral shoot branching. SLs also function as signal molecules secreted into the soil to promote root colonization by arbuscular mycorrhizal fungi and to stimulate symbiosis with nitrogen-fixing bacteria [1] [2] [3] [4] [5] . The secreted SLs are also recognized and exploited as germination signals by parasitic weeds that cause devastating crop losses in developing countries [6, 7] .
Extensive genetic studies in Arabidopsis, pea, and rice using SL-deficient and -insensitive mutants have identified components of a conserved SL signaling pathway [8] [9] [10] [11] [12] [13] , including rice dwarf 14 (d14) and dwarf 3 (d3). Due to the homology between D3 and the auxin and jasmonate receptors, TIR1 and COI1, and between D14 and the gibberellin receptor GID1 and the putative karrikin receptor KAI2, it had been speculated that both D3 and D14 could be candidates for the SL receptor [14] . In particular, gibberellin signaling involves direct hormone binding to its receptor, the α/β hydrolase-fold protein GID1, which promotes the formation of a complex consisting of gibberellins, GID1, and DELLA transcriptional repressors. This complex is then recognized by the SCF SLY1/GID2 complex, which ubiquitinates DELLA proteins for proteasomal degradation [15, 16] . As GID1 and D14 are members of the α/β-hydrolase family while GID2 and D3 are members of the F-box family, D14 and D3 are assumed to function in SL signaling in a manner similar to that of GID1 and GID2 in gibberellin signaling (reviewed in [17] ).
Perception of and signaling by karrikins, compounds originally identified in the smoke of forest fires, are also associated with D3 and KAI2, an α/β hydrolase that is highly homologous to D14 [18] . Recent studies have identified the putative transcriptional repressor D53 [19, 20] as well as the transcription factor BES1 as SCF D3 substrate targets in response to SL exposure and the D53 paralog SMAX1 in response to karrikin exposure. SLs induce association of D14 with D3/D53 and D3/BES1 complexes and promote SCF D3 -mediated degradation of D53 [19, 20] , BES1 [21] , and D14 itself [22] .
However, while GID1 is catalytically inactive and KAI2 had been proposed to be incapable of hydrolyzing karrikins [23] , D14 is catalytically active toward SLs. It can hydrolyze the synthetic SL GR24, albeit with an extremely low turnover rate of only about one molecule GR24 for every one molecule of D14 every three minutes [24] or less [25] , and this hydrolysis has been proposed to be required for SL signaling [3, 26] . Several groups reported high-resolution crystal structures of apo-D14 and its orthologs [24] [25] [26] [27] and of KAI2 in apo- [23, 24, 27, 28] and karrikin-bound [23] states. In contrast, attempts to co-crystallize D14 in complex with GR24 only yielded structures of D14 covalently bound to a GR24 hydrolysis intermediate [24] or weakly bound to the butenolide ring (D ring) hydrolysis product [26] . Similarly, all attempts to crystallize a D14/SL/D3 complex have failed. It therefore remains unknown how D14 recognizes natural and synthetic SLs and how SLs mediate D14-D3 interaction.
Here we have used X-ray crystallography, computational modeling, hydrogen-deuterium exchange mass spectrometry (HDX), molecular dynamics (MD), and extensive mutational analyses to determine a detailed model of GR24 binding to the D14 ligand-binding pocket (LBP) and to map binding of D3 to a contiguous surface surrounding the D14 pocket entrance. These results reveal an unexpected mechanism by which key signaling components including the hormone, the receptor, and the downstream effectors are systematically destabilized during the signal transduction process, highlighting the transient nature of SL signaling.
Results

Recombinant D14 binds GR24 or the GR24 D-ring with µM affinity
We demonstrated and quantitated the direct binding of GR24 to D14 in a scintillation proximity assay (SPA) using commercially available [ 3 H]-GR24 ( Figure 1A ). While the free D-ring of GR24 is biologically inactive and does not bind to D14, GR24 hydrolysis proceeds through formation of a covalently bound D-ring-derived reaction intermediate [24] . Since the radiolabel is localized to the D-ring, the SPA signal could be due to binding of either intact GR24 or the hydrolysis intermediate or product. This binding is specific and reversible as it was readily competed by unlabeled GR24, but not by the unrelated plant hormone ABA, with an IC 50 of 2.5 µM ( Figure 1B ), in agreement with ITC measurements of the Arabidopsis ortholog of D14 [27] .
Crystal structure of the complex formed between D14 and GR24
We and others have previously solved the crystal structures of apo-D14 (51-318) [24] [25] [26] [27] and the complex of D14 covalently bound to the GR24 hydrolysis intermediate [24] or bound to the free, hydrolyzed D-ring [26] . In order to trap the complex of D14 with intact GR24, we co-crystallized the complex at a high molar ratio of GR24 to D14 and extensively screened crystallization conditions. In addition, initial crystals were further soaked with fresh GR24 to replenish hydrolyzed GR24, which allowed us to isolate well-diffracting crystals and to solve the D14+GR24 structure at a resolution of 2.4 Å (Supplementary information, Table S1 ). However, while the D14 protein was well resolved, GR24 was poorly resolved, indicating its incomplete occupancy. While we could readily assign density to the GR24 D-ring, in simulated annealing composite omit maps we only detected trace density for the remainder of GR24 (Figure 2A and Supplementary information, Figure S1 ). The model of the ligand based on the density is most consistent with the structure containing a mixture of intact GR24 and the GR24 D-ring hydrolysis product. We therefore used a combination of chemical constraints and electron density map to derive the final model as shown in Figure  2B . Similar to apo D14, D14 in the complex shows the characteristic α/β-hydrolase fold with an open LBP that is surrounded by the separate open lid domain consisting of two parallel layers of V-shaped helices and an extended loop. In this model, GR24 resides in the LBP with its D-ring facing the catalytic triad at the bottom of the pocket (Figure 2 ), whereas the A-ring partially protrudes out of the pocket and is directly exposed to the solvent ( Figure 3A) .
Structural comparison between apo-D14 and the D14/ GR24 complex revealed that their conformations showed little difference ( Figure 3A , 3B), except for (i) flexible charged surface residues whose conformations also differ among the apo-D14 structures (Supplementary information, Figure S2 ), and (ii) C191 (amino acid numbers refer to the conserved hydrolase fold) and the catalytic residue S97 [29] deep inside of the LBP, which have become constrained by GR24 binding ( Figure 3B and 3C) . Similarly, comparison of the D14 apo-structure with the structure of D14 bound to the GR24 hydrolysis intermediate or the D-ring hydrolysis product showed almost identical surface conformations (Supplementary information, Figure S3A ). We also analyzed D14 and D14+GR24 by HDX (Supplementary information, Figure S4 ). HDX measures the accessibility of the backbone amide hydrogen atoms to deuterium exchange in solution, which is closely linked to protein structure and dynamics [30] . In spite of excellent peptide coverage, addition of 100 µM GR24 failed to cause any significant changes in HDX of D14, consistent with the observed absence of major surface conformational changes.
The overall surface topology thus appears to be the same among the four different states of D14. Yet, it was reported that GR24 binding to the D14 homolog from petunia [25] , DAD2, induces a marked decrease (9 °C) in DAD2 melting temperature, suggestive of a GR24-mediated conformational destabilization [25] . We therefore also determined the thermostability of D14 and detected a very small, but reproducible, effect of GR24 on the D14 melting temperature (2.3 °C T m decrease at [GR24] ≥ 50 µM; Figure 3D ). To test whether the large differences in the effect of GR24 on thermostability are due to the difference between D14 and DAD2 or difference in the methods used, we determined hydrolytic activity and thermostability of DAD2. As shown in Supplementary information, Figure S5 , our data confirm GR24 hydrolysis by DAD2 as well as a decrease in DAD2 melting temperature (9 °C T m decrease at [GR24] ≥ 200 µM). Collectively, these results indicate that GR24 binding can markedly destabilize DAD2, but only has a mild effect on D14 conformation.
Molecular recognition of GR24 by D14
The bound GR24 molecule in the model is nested in the pocket and engaged in specific hydrogen bonds and hydrophobic interactions with pocket residues of D14 ( Figure 4A -4B and Supplementary information, Figure  S6 ). We designed a series of mutations for each pocket residue to validate the structural basis of ligand recognition by D14. Mutant D14 proteins that maintained sufficient stability and could be purified as monodisperse species by size exclusion chromatography (indicating that they were not grossly misfolded) were purified to homogeneity for SPAs to measure their ability to bind the ligand ( Figure 4C ). Most of these mutations reduced or even abolished the binding of D14 to GR24 (or its subsequent hydrolysis product), consistent with an important role of these residues in mediating direct ligand binding, while mutation R217H, which serves as control for a residue outside of the binding pocket, did not alter the binding ability of D14 with GR24. In particular, mutations of S220 and the catalytic triad residues S97 and H247 at the bottom of the binding pocket ( Figure 4 and Supplementary information, Figure S6 ), which are essential for hydrolase activity, nearly abolished the binding ability ( Figure 4C ). Overall, the data of mutation analyses are in excellent agreement with the binding model of GR24 in the D14 pocket.
Binding of GR24 inside of the D14 LBP is required for the interaction between D14 and D3
GR24 can induce an interaction between D14 and D3, which has been shown in cells by yeast 2-hybrid analysis [25] and in extracts by pull-down assays [19, 20] . To test whether GR24 directly stimulates an interaction between D14 and D3 in vitro, and to quantitatively analyze such an interaction, we used highly purified recombinant proteins in an AlphaScreen luminescence proximity assay. As shown in Figure 5A , GR24 induced the interaction between D3/ASK7 (D3 requires the SCF D3 complex component ASK7 for stability) and both rice and Arabidopsis D14. The interaction is specific as GR24 did not promote an interaction between D3/ASK7 and D14 paralogs from rice and Arabidopsis, OsKAI2 and AtKAI2, or an unrelated α/β-hydrolase, the salicylic acid-binding protein SABP2. We analyzed the stimulatory effect of GR24 by a dose-response curve, which demonstrated that the ligand can greatly enhance the interaction with an EC 50 of 0.47 µM, further supporting the ligand-dependent interaction between D14 and D3 ( Figure 5B ). Moreover, the stimulatory effect was stereoisomer-specific. We purified small amounts of the four different GR24 stereoisomers and tested them separately for their ability npg www.cell-research.com | Cell Research to induce a D14-D3 interaction. Two of the four possible stereoisomers, designated GR24 5DS and GR24 4DO , have the same 2′R-configuration of the D-ring as found in all physiological SLs. These two isomers, and particularly GR24 5DS , are more active in D14-dependent bioassays than the other two isomers [31] . The same two isomers were selectively capable of stimulating the interaction between D14 and D3, with GR24 5DS being more potent than GR24 4DO ( Figure 5C ), thus closely mimicking the effects of GR24 isomers in plants [31] . The activity to stimulate the D14-D3 interaction further correlates with the energetically most favorable binding conformation as judged by computational docking (Supplementary information, Figure S7A ), and the docking position of the 5DS isomer is most consistent with the GR24 model (Supplementary information, Figure S7B) . Comparison of the relative stimulating activity of the isolated stereoisomers with that of the racemic (rac) GR24 mixture (EC 50 = 0.47 µM) further indicates that most of the racGR24 activity is due to the 5DS isomer (EC 50 = 0.33 µM).
Next we tested whether the binding of GR24 to LBP is required for the effect of GR24 to stimulate the interaction of D14 with D3. We therefore analyzed the same pocket mutant proteins as shown in Figure 4C for their ability to interact with the D3/ASK7 subcomplex of SCF D3 in the presence of GR24, and found that indeed all pocket mutations reduced GR24-mediated interaction between D14 and D3/ASK7 ( Figure 5D ). The ability to design loss-of-function mutations of D14 further highlights the quality of our ligand-binding model and confirms that the interaction between D14 and D3/ASK7 requires binding of GR24 inside of the D14 LBP.
Mutational analysis suggests that D3 binds to and closes the entrance of the D14 LBP
To experimentally determine the interaction interface of D14 with D3/ASK7, we designed a set of 30 surface mutations of D14 and purified the corresponding mutant proteins. Surface mutations that robustly reduced the ability of D14 to interact with D3/ASK7 in the presence of GR24 involve residues surrounding the open ligand-binding pocket and clustering at the junctions between the helices of the lid domain and their connecting loops ( Figure 6A-6C ), indicating that GR24 binding induces interaction of D3 with the surface of the lid domain of D14. In this position D3 would block the entrance of D14 LBP and could directly interact with the ligand or its hydrolysis products. In addition to the above surface mutations, replacement of the pocket residue F28 with W also strongly reduced D3 interaction ( Figure 5C ) while only slightly affecting GR24 binding ( Figure 4C ). The bulky F28 centrally inserts into the lid domain and forms multiple hydrophobic interactions spanning all four lid helices (M148, W155, Y159, F175, L179, M182, S187, V190, and C191; Figure 6D ), suggesting that F28 is critical for positioning of the lid helices.
Charge-reversal mutations in the lid domain loop cause constitutive D14-D3 interaction
In addition to these loss-of-function mutations, we also explored whether any of the D14 surface mutations might have a gain-of-function phenotype. When we measured D3 interaction in the absence of GR24, charge-reversal mutations of two acidic residues in the long flexible loop connecting the D14 lid domain to the core α/β-hydrolase fold allowed D3 interaction in the absence of SL (Supplementary information, Figure S8 ). While mutation of D14 E137 at the junction between the lid domain and the loop resulted in partially constitutive D14-D3 interaction, D131R exhibited an even higher D3 binding signal in the absence of ligand than in its presence. Together, these results suggest that the mutant loops of D14 can likely engage in a charge interaction with a negatively charged surface of lid domain-bound D3. Sequence alignment indicates that D14 residues that are important for D3 interaction are conserved across species (Supplementary information, Figure S9 ).
GR24-induced D3 binding destabilizes D14
To gain further insight into the D14-D3 interaction, we performed HDX on the complex consisting of D14, GR24, and D3-ASK7 and compared the profile with that of apo-D14. To our surprise, D3/ASK7 binding markedly increased deuterium exchange in D14 (Figure 7) . This is in contrast to the fact that protein binding normally restrains the interaction interface, resulting in a decrease in deuterium exchange. This indicates that GR24-induced D3 binding substantially destabilizes D14, reminiscent of the subtle and strong thermo-destabilizations of D14 and DAD2, respectively, induced by GR24 binding ( Figure  3D and Supplementary information, Figure S5B) .
A structurally distinct class of SL analogs possesses similar ability to stimulate interaction of D3 with various D14 mutants as GR24
Natural SLs have been isolated from root exudates of various plants, especially those that are parasitized by the noxious weeds Striga and Orobanche spp. As a consequence, isolation and identification of natural SLs are extremely difficult and a series of new SL analogues have been derived from simple and cheap starting materials. The first successful series of analogues were the GR compounds, as is exemplified by GR24. Because of GR24's chemical instability and cost of production, new SL analogs that can be easily synthesized would have important agricultural applications. We show here that several of the new compounds that are active in SL signaling [32] can be hydrolyzed by D14 (Supplementary information, Figure S10 ), can promote D14-D3 (Fig 8A-8B ) and DAD2-D3 interactions ( Figure 8B inlet) , and destabilize D14 and DAD2 (Supplementary information, Figure S11 ). In contrast, karrikins and the ABC-ring and D-ring of GR24, which are inactive in SL signaling [25, 33, 34] , failed to promote D14-D3 interaction ( Figure  8B) .
Given the substantially different scaffolds of these analogs, we reasoned that measuring their abilities to stimulate the interaction between D3 and our extended set of D14 mutant proteins might provide insight into the SL signaling mechanism. Upon stimulation with Br-PMF or I-PMF, the two more potent SL analogs, the mutant D14 proteins with either LBP mutations (compare Figures 9A and 9B with Figure 5D ) or surface mutations (compare Figures 10A and 10 B with Figure 6A ) showed remarkably similar response patterns to those induced by GR24. Consistent with the importance of the interaction between D14 and intact SLs, all pocket residues whose mutations reduced D14-D3 interactions are in bonding distance with GR24 and with Br-PMF and I-PMF modeled in the binding pocket ( Figure 9D ).
Br-PMF and I-PMF only share the butenolide D-ring and an ether linkage to an electron-rich group (aliphatic double bond or aromatic ring) with GR24. Unlike GR24, they would not protrude out of the pocket ( Figure 9D and would expose a more polar head group to solvent than GR24. Yet D3 interaction with all D14 surface mutant proteins was affected almost identically by each of the three ligands, strongly arguing that the three ligands induce D14-D3 interaction via the same mechanism in which the common D-ring and the cleavable ether linkage are key elements to stimulate this interaction.
Discussion
The ability of D14 to bind SLs and to interact with D3 in an SL-dependent manner illustrates a signaling mechanism similar to what was found in several other plant hormone signaling systems. However, the ability of D14 to hydrolyze the bound hormone is unique and represents a barrier to gaining structural insight into SL recognition and signaling. Using a combination of co-crystallization and ligand soaking, we solved the structure of D14 partially occupied by GR24 and the immediate GR24 hydrolysis products. In this structure model, the D-ring is localized at the bottom of the pocket in close proximity to the catalytic triad residues and the ABC-ring is partially retained in the pocket. This model is in full agreement with our mutational analysis of GR24-binding residues (Figure 4) . We note that the position of the GR24 D-ring in our structure is in contrast to that in the recent structure of D14 bound to the final D-ring hydrolysis product, in which the D-ring was bound to the opening of LBP [26] , a position that is not stable based on our MD simulations (Supplementary information, Figure S12) .
Our extensive mutational analysis of exposed D14 residues has allowed us to map the likely D3-binding surface on D14. Specifically, we demonstrate that the lid surface surrounding the LBP entrance contains residues whose mutations disrupt the interaction between D14 and D3, suggesting that D3 binds to this surface and blocks the pocket entrance. In further support, mutation of the non-exposed D14 residue F28 (F28W) almost completely abolishes the interaction of D14 with D3, but has only a minor effect on GR24 binding. The bulky F28 side chain inserts into the lid domain and makes interactions with all four lid helices and the lid hinge, consistent with the conformation of the lid being critical for D3 binding. Finally, gain-of-function mutations in the linker between the lid and the α/β-hydrolase domain allow a GR24-indenpendent interaction between D14 and D3.
How does GR24 binding induce a D14-D3 interaction? GR24 binding and the initial phase of GR24 hydrolysis do not induce noticeable conformational changes as the D14 structures in four different states (apo-D14 and D14 bound to GR24, the GR24 covalently bound hydro- information, Figure S4 ). While the intact GR24 ligand itself appears to provide a surface difference by partially exposing its hydrophobic A-ring, our analysis of other SL analogs suggests that exposure of a hydrophobic group in non-hydrolyzed SL is not required for inducing D14-D3 interaction (Figures 8  and 9 ) or for SL biological activity [32] . Our results suggest that ligand hydrolysis is required for the ability of GR24 to induce D14-D3 interaction. An important hint came from the observation that GR24 induces a subtle D14 destabilization in a thermostability shift assay and that subsequent formation of a complex with D3 induces a marked destabilization of the top and front of D14 as determined by HDX. Together with the requirement of a hydrolyzable ether bond and suitable leaving group, we speculate that SL hydrolysis may induce a subtle D14 destabilization to allow a transient D3 interaction, which in a multi-step process may cause further D14 destabilization and increased D3 binding. In an alternative model, the hydrolyzed D-ring moves to the opening of the LBP, where it can directly engage in an interaction with D3 as proposed [26] . However, we do not favor this model as (i) the D-ring itself is inactive in D14 binding [25, 33, 34] and cannot induce a D14-D3 interaction in vitro ( Figure  8B ), and (ii) our crystal structure ( Figure 2 ) and MD simulations (Supplementary information, Figure S12 ) suggest that the D-ring at the LBP opening position is not stable.
In contrast to D14, the highly homologous KAI2 appears to be unable to hydrolyze karrikin. While the catalytic serine of KAI2 is required for karrikin signaling [35] , in the KAI2/karrikin complex structure, karrikin stably binds to the pocket at a position distal from the catalytic triad [23] . In further contrast to D14/GR24, karrikin binding appears to induce significant conformational changes in ten residues of the lid domain [23] that are poorly conserved in D14 (Supplementary information, Figure S9 ). Though karrikin is not an endogenous KAI2 agonist, D14 and KAI2 may have evolved two different mechanisms to stabilize interaction of D3 with their lid domains.
In addition, despite the little structural similarity between the SL analogs (Br-PMF and I-PMF, Figures 8  and 9 ) and GR24 other than the butenolide ring and the ether linkage, D14 can hydrolyze all three compounds and mutations of D14 LBP and surface residues affected the ability of all three ligands to induce a D14-D3 interaction in a very similar manner. Consistently, when modeled into D14 LBP, all three ligands could make surprisingly similar interactions with all pocket residues that we have analyzed by mutations. These interactions involve the invariant butenolide ring and a hydrogen bond acceptor in a position comparable to that of the C-ring oxygens. Ligand-mediated D14-D3 interaction also depends on the same set of D14 surface residues, revealing an emerging unified mechanism for SL recognition and signaling.
Furthermore, our results reveal one surprising feature of SL signaling -the systematic destabilization of key signaling components including the hormone, the receptor and the effectors such as D53 [19, 20] . This is clearly distinct from the signaling paradigm for other major plant hormones. While the hormone-dependent degradation of transcriptional repressors through the ubiquitin-proteasome system is similar between SL and other plant hormones, the enzymatic degradation of the hormone by the receptor itself as well as the conformational destabilization of the receptor by the hormone and effector is totally unexpected. This built-in instability of the SL signaling system highlights the transient nature of SL signaling and may be highly relevant to its biological functions in determining the plant branching architecture phenotype. It can be envisioned that once the cell is committed to the branching fate through the activation of SL pathways, the plants want to shut down the branching signals as soon as possible. This could be achieved by destabilization of the receptor D14 upon ligand binding and effector coupling as reported here, followed by ubiquitination-mediated degradation as D14 is subject to proteolysis in cells in the presence of GR24 [22] . While many gaps remain in our understanding of this unusual signaling mechanism, the structural and mutational analyses of the D14/GR24 and D14/GR24/D3 complexes reported in this paper establish the GR24 binding mode in the D14 pocket and identify the D3-binding interface of D14. In addition, given the conserved roles of SLs in symbiosis of mycorrhiza formation and parasite weed germination, the structure of the D14-GR24 model provides a rational template to design better chemical ligands to fence off aggression of parasite weeds and to enhance mycorrhizal and rhizobium symbiosis, which are of great significance in agriculture and plant sciences.
Materials and Methods
Chemical structures of GR-24, Br-PMF, I-PMF, CN-PMF, Br-BMF, ABC-ring, D-ring, and karrikins
GR24 for crystallography and GR24-rac for biochemical assays were purchased from Chiralix (product number: CX23880). ABCring, D-ring and other SL mimics were chemically synthesized based on previous published literature [32, [36] [37] [38] . In brief, for the synthesis of Br-PMF, I-PMF, CN-PMF, and Br-BMF [32] , the corresponding phenol was coupled with 5-bromo-3-ethylfuran-2(5H)-one under basic conditions to give the desired products; for the synthesis of the ABC-ring [37] , first, the intermediate indanylacetic acid was prepared by using 1-indanone as the starting material. Then, it was reduced in the presence of NaBH 4 and CeCl 3 •7H 2 O, followed by intermolecular esterification to deliver the desired product; the D-ring [38] was synthesized through a Kharasch addition catalyzed by (PCy 3 ) 2 Cl 2 Ru = CHPh and subsequent hydrolysis in 6 M HCl solution; for the synthesis of KAR1 and KAR2 [36] , first, commercially available 3-hydroxy-4H-pyran-4-one was treated with phosphorus pentasulphide. Then, the products were esterified with the corresponding 2-chloroalkyl chloride in the presence of triethylamine, followed by intermolecular cyclization though the classical Friedel-Crafts reaction in acetic anhydride with triphenyl phosphine and sodium acetate to yield the final products.
Protein preparation
Rice D14 (residues 52-318) was expressed as a 6× His-sumo (H6SUMO) fusion protein from the expression vector pSUMO (LifeSensors). The modified fusion protein contains a H6-tag (MKKGHHHHHHG) at the N terminus and SUMO protease site between SUMO and D14. BL21 (DE3) cells transformed with the expression plasmid were grown in LB broth at 16 °C to an OD600 of ~1.0 and induced with 0.1 mM IPTG for 16 h. Cells were harvested, resuspended in 100 ml extract buffer (20 mM Tris, pH 8.0, 200 mM NaCl, and 10% glycerol) per 6 L of cells, and passed three times through a French press with pressure set at 1 000 Pa. The lysate was centrifuged at 16 000 rpm in a Sorvall SS34 rotor for 30 min, and the supernatant was loaded on a 50 ml Nickel HP column. The column was washed with 600 ml 10% buffer B (20 mM Tris, pH 8.0, 200 mM NaCl, 500 mM imidazole, and 10% glycerol) and eluted in two steps with 200 ml 50% buffer B, and then 100 ml 100% buffer B. The eluted H6SUMO-D14 was dialyzed against extract buffer and cleaved overnight with SUMO protease at a protease/protein ratio of 1:1 000 in the cold room. The cleaved H6SUMO tag was removed by passing through a Nickel HP column, and the protein was further purified by chromatography through a HiLoad 26/60 Superdex 200 gel filtration column in 20 mM Tris, pH 8.0, 200 mM ammonium acetate, 1 mM dithiotreitol and 1 mM EDTA. Apo-D14 was eluted as a sharp The full-length rice D3 and ASK7 were co-expressed as a 8× His-Maltose-Binding Protein (H8MBP) fusion protein and as untagged protein, respectively, in Sf9 insect cells. The modified D3 fusion protein contains a H8-MBP tag at the N terminus and TEV protease site between the MBP tag and D3. Sf9 insect cells were grown at 28 °C to 2 million cells/ml and then co-infected with D3 and ASK7 viruses. Cells were harvested after 48 h, and resuspended and homogenized in 100 ml (per 2 L cell culture) homogenization buffer (2 mM MgCl 2 , 20 mM Tris, pH 8.0, 500 mM NaCl, 10% glycerol and 1 mM PMSF). An equal volume of dilution buffer (2 mM MgCl 2 , 20 mM Tris, pH 8.0, 10% glycerol and 1 mM PMSF) was added after homogenization. The H8MBP-D3/ASK7 complex was isolated from the soluble cell lysate by amylose affinity chromatography, followed by gel filtration chromatography. The H8MBP-D3/ASK7 complex was eluted as a sharp single peak from the HiLoad 26/60 Superdex 200 gelfiltration column with an estimated molecular weight of 140 kD, suggesting that the complex is a monomer in solution (predicted molecular weight of 138 kD).
Small scale purifications of H6-thioredoxin-3C-avitag-tagged D14 of wild-type and mutant proteins were performed by chromatography through a 5 ml Nickel HP column (GE Healthcare). To generate biotinylated proteins for luminescence proximity assays (AlphaScreen), H6-thioredoxin-3C-avitag-tagged D14 were expressed in E. coli BL21(DE3) cells from a pETDuet (Novagen) derivative vector. The first T7 polymerase-driven expression unit of this vector contains the D14 open reading frame as H6-thioredoxin-3C protease cleavage site-avitag fusion, the second site the E. coli biotin-ligase gene BirA. The 14 amino acid avitag functions as a defined in vivo biotinylation site in E. coli. Cells grown in the presence of 40 µM biotin were lysed and fusion protein purified through a Nickel HiTrap column as above. Following 3C protease release of the H6-thioredoxin tag, D14 proteins with biotinylated avitags were purified by 5 ml Nickel HP column chromatography followed by gel filtration chromatography. Residual biotin was removed by extensive dialysis prior to their use in luminescence proximity assays.
Crystallization
The D14-GR24 complex was prepared with 20-30-fold excess of GR24 to D14, and then concentrated to 4-5 mg/ml for crystallization. The crystals were grown at room temperature in hanging drops containing 1.0 µl of the above protein-ligand solutions and 1.0 µl of well solution containing 0.1 M HEPES pH 7.5, 8% v/v ethylene glycol, 10% w/v polyethylene glycol 8 000. Crystals of about 40 µm in length appeared the following day. Crystals were soaked with additional freshly prepared GR24 solution in well buffer and 30% sorbitol for cryo protection prior to flash freezing in liquid nitrogen.
Data collection and structure determination
The X-ray diffraction data sets for apo-D14 and D14-GR24 complex crystals were collected at SSRF (Shanghai Synchrotron Radiation Facility) beam line BL17U. The observed reflections were reduced, merged, and scaled with DENZO and SCALEPACK in the HKL2000 package [39] . Crystals of apo-D14 and D14-GR24 diffracted to resolutions of 1.5 Å and 2.0 Å, respectively. Molecular replacement was performed by using the Collaborative Computational Project 4 (CCP4) program Phaser [40] using the RbsQ structure as the initial model. Programs O [41] and Coot [42] were used to manually fit the protein model. Model refinement was performed with CNS [43] and the CCP4 program Refmac5 [44] .The volumes of the LBP were calculated with the program Voidoo [45] by using program default parameters and a probe with a radius of 1.4 Å. All structure figures were prepared by using PyMOL (DeLano Scientific). The statistics of data collection and the model refinement are summarized in Supplementary information, Table S1 . While the D-ring of GR24 could be reliably placed into the electron density, the remainder of GR24 was modeled into the structure based on chemical constraints, which matched the trace density in the structure.
Computational docking
GR24 and SL analog stereoisomers were docked into the D14 LBP using the standard flexible-ligand sampling algorithm [46] implemented in DOCK 6.7 [47] . Ligand placement was prioritized by D-Ring orientation relative to the crystal structure. The combined grid Van-der-Waals and electrostatic (vdw+es) scores and internal energy scores were then used to select energetically favorable docking positions for each ligand. Prior to docking, partial charges from the all-atom AMBER ff14SB3 [48] were assigned to the receptor and semi-empirical AM1-BCC charges were derived for each SL analog.
MD simulation
The initial model for MD simulations was constructed from the 2.1 Å resolution X-ray structure of DWARF14 in complex with the hydroxy D-ring (D-OH) of (±)-GR24 (PDB ID: 3WIO) [26] . Only chain A and the D-OH product were used for all simulations; crystallographic waters and chain B were removed.
Setup and simulation was performed as follows for all systems using pmemd.cuda in the AMBER14 (update.10) [49] suite with the AMBER14SB and GAFF [50] force fields. Atomic point changes for 5S/R D-OH ligands were derived using the AM1-BCC charge model in antechamber. Optimal hydrogen bonding and protonation states for titratable residues were determined at pH 7.0 using the PROPKA4 program [51] as included in Schrödinger Release 2015-1. Each system was solvated in a 8 Å pad of TIP3P waters and neutralized. Additional NaCl ions were randomly added for a final concentration of 50 mM to mimic experimental conditions noted above. The simulation protocol, previously described by de Waal et al. [52] , was adopted for the current study with minor alterations. Briefly, the system was maintained at 310.0 K to increase sampling of the D-OH free energy landscape, cutoff of long-range electrostatic interactions was set to 10 Å, and all production simulations were performed in the isothermal-isobaric NPT ensemble using the Monte-Carlo barostat and the Langevin thermostat with a collision frequency of 5.0 ps-1. All simulations were performed in triplicate.
Hydrogen-deuterium exchange (HDX)
HDX of D14 in the absence and presence of 100 µM GR24 in 20 mM Tris pH 8.0, 200 mM NaCl was performed at 4 ºC using an automated system described previously [53] . Briefly, protein was incubated in a D 2 O buffer for a range of exchange times from 10 s to 1 h before quenching the deuterium exchange reaction with an acidic quench solution (pH 2.4) containing 3 M Urea and 1% TFA. All mixing and digestions were carried out on a LEAP Technologies Twin HTS PAL liquid handling robot housed inside a temperature controlled fridge. Protein digestion was performed in-line with chromatography using an immobilized pepsin column. Mass spectra were acquired on a Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (ThermoFisher Scientific). Three replicates were performed for each HDX time point. Percent deuterium exchange values for peptide isotopic envelopes at each time point were calculated and processed using the Workbench Software [54] .
